ABSTRACT Low-inertia power generation units make nanogrids vulnerable to the voltage and power fluctuations caused by pulse loads and abnormal grid conditions. The conversion of critical loads to smart loads is a potential solution for improving the stability and power quality in nanogrids. This paper investigates the effects of utilizing smart loads on the performance of nanogrids. A smart load can compensate for sudden deviations between supply and demand and therefore can mitigate voltage and power oscillations in lowinertia nanogrids. The conversion of critical loads to smart loads can reduce the stress on the energy storage units and minimize the required battery banks in nanogrids. In this paper, several case studies are considered to verify the stability and power quality improvement of nanogrids when some loads are converted to smart loads.
I. INTRODUCTION
Nanogrid is defined as a medium-to-low voltage power grid with a maximum consumption of a commercial building and the capability of operating in islanded mode. The islanded mode operation can be realized by employing one or several distributed energy sources such as rooftop photovoltaic (PV), and battery units known as low-inertia power generators. In a city with many nanogrids, the economic dispatch of power generations, voltage and frequency regulations, protection, cybersecurity, and stability challenges require innovative interconnection and supervisory control schemes [1] . A grid of nanogrids (GNG) with a hybrid decentralized and supervisory control scheme is a possible structure toward realizing a robust power network for smart cities [2] .
GNG has an idea structure to address the technical challenges associated with the widespread adoption of low-inertia power generation units fed by renewable energy resources through grid-tied inverters. The intermittent nature of renewable energy resources can lead to active and reactive power imbalances, resulting in voltage and power fluctuations. The continuous fluctuation in voltage and power results in considerable operational challenges for maintaining the system stability. In spite of proposing different and innovative approaches to improve the performance of powerelectronics based distributed generation systems [3] - [7] , more investigations are needed on the interconnection challenges for GNG's cyber analytics and dynamic stability due to the low-inertia feature of GNG.
In order to resolve the power and voltage oscillation issues and improve the power quality in power systems in general and GNG, several solutions have been proposed in literature. In this respect, parallel, series, and parallel-series compensators have been widely used in the last two decades [8] , [9] . Examples of these compensators are static synchronous compensator (STATCOM) [10] , and synchronous series compensator (SSSC) [11] . The solid-state transformer (SST) with the capability of providing ancillary services for the distribution system has been proposed as a replacement for traditional power transformers [12] , [13] . Due to the significant increase in the utilization of intermittent renewable energy resources, power dispatching becomes a challenge. The concept of flexiable loads has received wide attention in order to shift some of power dispatching problems from generation side to demand side. Moreover, the short-term voltage and power fluctuations caused by the instantaneous power imbalance between the generation and consumption can be mitigated in a decentralized control fashion at the point of loads instead of controlling multiple distributed energy resources by a centralized controller. The work in [14] proposes a configuration for smart loads using ac drives as virtual energy storage to provide power and frequency support at the point of common coupling (PCC). In [15] , droop-based smart loads are utilized to autonomously manage the load demand without a need for communication systems. A neural-network load estimator is used in [16] to develop a mathematical model for smart loads and integrate it into a microgrid energy management system. Furthermore, the electric vehicle charging stations are suggested to be modeled as smart loads in [17] . The study in [18] investigates the benefits of smart loads in an industrial microgrid to minimize the required energy storage system. Another configuration of smart loads is developed in [19] by connecting an electric spring (ES) in series with the noncritical load to provide voltage support at PCC. This paper proposes a configuration and control scheme for smart loads via a series connection of a three-phase voltage compensator, which is also referred as an electric damper (ED), with the critical load to develop a smart critical load (SCL). Fig. 1 compares the overall configuration of SCL with STATCOM, smart transformer (ST), and ES. As can be found from Fig. 1(a) , the STATCOM is commonly allocated at transmission level to regulate the ac bus voltage by controlling the reactive power from the upstream power network. However, the proposed SCL shown in Fig. 1(d) is installed at the point of load to compensate the shortterm active and reactive power imbalances for critical loads in real time, thus enhancing the controllability of loads in critical infrastructure. The ST shown in Fig. 1(b) is a threestage SST with advanced control and communication capabilities connected between the medium voltage (MV) and low voltage (LV) distribution networks [20] , [21] . Thus, the ST decouples the MV and LV networks, while controlling the ac bus voltage of LV downstream network. In contrast, the ED in SCL configuration is connected between the critical load and the ac bus regulating the critical load voltage.
The ES showed in Fig. 1 (c) has recently been utilized in distribution systems for demand-side management [19] , [22] , [23] . ES is a voltage compensator connected in series with the a non-critical load to regulate the ac bus voltage while reshaping the load demand (load shedding). In other words, the ES passes the fluctuations of renewable energy resources to the non-critical loads by allowing their power consumption to vary. However, since the voltage variations across the non-critical load should not exceed ±20% [24] , the operation range of ES is limited [25] . In order to resolve this issue, in [26] , another configuration is introduced for ES which operates independently without direct interaction with the non-critical load. In high-penetrated PV nanogrids, the ES's battery is under severe stress while constantly charges and discharges to regulate the fluctuating ac bus voltage [27] . This results in a significant reduction in battery lifetime and limited operation range for ES. However, for the idea presented in this work, considering the fact that the demand side is typically a mixture of multiple critical and non-critical loads, each ED in the proposed SCL configuration is only responsible for regulating the associated critical load voltage instead of the ac bus voltage. This leads to lower discharge rate and lifetime improvement of ED's battery while mitigating the short-term voltage and power fluctuations of critical load. Due to the utilization of an inverter with short-time response in SCL configuration, dynamics of SCLs must be taken into account in small-signal stability analysis of the overall system. This paper presents a systematic approach to model the proposed three-phase SCLs in nanogrids considering the switching states of ED's inverter. The main contributions of this paper can be summarized as follows:
• A new approach of forming smart loads in nanogrids via series connection of EDs with critical loads to deal with short-term load voltage and power transients.
• Reduction of the required central battery bank though minimizing the charge/discharge rates during short-term transients, resulting in size and lifetime improvement.
• Mitigation of voltage and power fluctuations of critical loads in nanogrids during transitions between GNG-connected and islanded modes of operation.
• Development of a detailed small-signal state-space model for smart-load stability analysis by taking into account the switching process of three-phase inverter. In the following, Section II describes the system under study equipped with smart loads. Section III presents a detailed configuration for smart loads and explains the proposed control strategy. The state-space model and smallsignal stability analysis of smart loads are presented in Section IV. Section V investigates the effect of utilizing smart loads on size reduction and lifetime improvement of the central battery bank. Results and discussions are provided in Section VI, where several case studies are presented to evaluate the effectiveness of proposed Smart load. Lastly, Section VII highlights the findings of this paper.
II. SYSTEM DESCRIPTION
The schematic of GNG formed by a fleet of nanogrids is shown in Fig. 2 . Each nanogrid consists of different energy resources, e.g. diesel generators, PVs, central battery bank, power electronics interfaces (PEIs), SCLs, and non-critical loads. Each SCL consists of an ED connected in series with a critical load to regulate its voltage. The nominal line-to-line ac bus voltage for each nanogrid is considered 480 V. All nanogrids are connected to the main ac bus through SSTs, which can facilitate bidirectional power flow capability among nanogrids. The operator is capable of disconnecting nanogrids from GNG, i.e. islanded mode, or reconnecting them to GNG, i.e. GNG-connected mode. An SST is also used at PCC between GNG and the main ac utility grid. The GNG is able to interact with the main utility grid by injecting/absorbing power and provide ancillary services in grid-tied mode. A circuit breaker at PCC enables GNG to get isolated from the grid in case of abnormal conditions such as utility power outage. The utilization of SCLs plays an important role in improving the stability and power quality of islanded GNG, as the main grid is no longer available to compensate potential power imbalances.
The equivalent block diagram of each nanogrid is illustrated in Fig. 3 . In order to balance the power supply and demand in the GNG-connected mode, the following criteria should always be satisfied:
where n is the number of interconnected SCLs in nanogrid. P gen and Q gen are the active and reactive power delivered by generation side, while P GNG and Q GNG are the active and reactive power injected/absorbed by GNG. The active and reactive power demand of non-critical load are denoted as P NCL and Q NCL . Besides, P SCLi and Q SCLi are the active and reactive power of ith SCL, which can be obtained as follows:
where P CLi and Q CLi are the active and reactive power of ith critical load. The injected/absorbed active and reactive power by ith ED are P EDi and Q EDi . According to (1)-(4), a balanced nanogrid should follow the below criteria:
where P L and Q L are the total active and reactive power demand, including both critical and non-critical loads. For an islanded nanogrid, P GNG and Q GNG are zero. Herein, SCLs are capable of acting as active and reactive power compensators in case of having short-term power imbalances in the system.
III. CONTROL SCHEME OF SMART CRITICAL LOADS
The simplified electrical diagram of each nanogrid with only one SCL is shown in Fig. 4 . In the proposed SCL configuration, the secondary side of ED's isolation transformer is connected in series with the critical load. The three-phase ED is controlled to regulate the critical load voltage, and consequently, produce the active (±P ED ) and reactive (±Q ED ) power differences between generation side and load demand. Therefore, voltage and power fluctuations of critical loads can be mitigated using three-phase EDs.
The line-to-line output voltages of ED, i.e. v ED_ab , v ED_bc and v ED_ca , are given by:
where v S_ab , v S_bc , and v S_ca are line-to-line voltages of nanogrid ac bus, and v CL_ab , v CL_bc , and v CL_ca are line-toline voltages of critical load. For a resistive-inductive (RL) load, the ED output voltage in (7) can be rewritten as:
where i CL_ab , i CL_bc , and i CL_ca are virtual line-to-line currents of critical load, defined as i
Applying the direct-quadrature (dq) reference frame transformation [28] , [29] results in d-axis and q-axis components of ED output voltage as follows:
where ω = 2π f is the angular frequency of ac bus. Also,
are the resistance and inductance of a symmetrical three-phase critical load. For the sake of simplicity, d and q components of voltages and currents are expressed as
The block diagram of an individual SCL along with its controller is illustrated in Fig. 5 . In order to regulate the critical load voltage, the reference values for dq components of critical load current, i.e. i * CL_qd , must be determined. Then, using (9), the desired values, i.e. v * inv_qd , for the sinusoidal pulse-width modulation (SPWM) of the inverter can 
IV. ON STABILITY OF SMART CRITICAL LOADS
This section presents a small-signal state-space model for SCLs in nanogrids. The small-signal modeling approach presented in this paper takes into account the switching process of the three-phase inverter by deriving the state-space equations for the circuits corresponding to each switching state [30] , [31] .
A. SMALL-SIGNAL STATE-SPACE MODEL
As shown in Fig. 5 , the SCL system includes controllers, inverter, output filter, transformer, and critical load. The proposed modeling approach in this paper divides the SCL system into three subsystems: (i) voltage controller, (ii) current controller, and (iii) open-loop circuit. The open-loop circuit includes battery energy storage, three-phase inverter, output filter, isolation transformer, and critical load. The winding resistances and leakage inductances are taken into account in transformer modeling, while magnetizing characteristics of transformer core are neglected. This paper takes into account the PWM switching pattern of the inverter using an averaged state-space model. In this subsection, the state-space model of each subsystem, i.e. controllers and open-loop circuit, is developed separately. Then, the state-space model of an individual SCL is derived.
1) VOLTAGE CONTROLLER
The outer-loop voltage controller is shown in Fig. 7 . In order to develop the small-signal model of the voltage controller, the state equations are defined as follows:
where χ q and χ d are the state variables shown in Fig. 7 . The reference values for dq components of critical load current, i.e. i * CL_d and i * CL_q , are the output of the voltage controller which can be derived from Fig. 7 , and taking (10) and (11) into account as follows:
The derivative terms in (10)- (13) are negligible compared with ωLi CL_d and ωLi CL_q . Therefore, the small-signal state-space form of voltage controller can be approximated from (10)-(13) as follows:
2) CURRENT CONTROLLER
The block diagram of the inner-loop current controller is depicted in Fig. 8 . The corresponding state equations are defined as follows:
where y q and y d are the state variables shown in Fig. 8 . The output equations of the current controller from (16), (17), and 
The small-signal state-space model of the current controller can be determined from linearization and combination of (16) 
From Fig. 9 , the dq components of inverter output voltage can be expressed as:
where m is modulation index, V bat is the battery voltage, and ψ is the angle between phase-A of inverter output voltage and q-axis. Assuming that the inverter output voltage is equal to the desired voltage, i.e. v inv = v * inv , and neglecting the perturbations associated with battery voltage, linearization of (22) and (23) yields:
where u = m ψ T . Substituting (24) into (21) results in:
where u will be used to integrate the state-space model of the current controller with the state-space model of the openloop circuit.
3) OPEN-LOOP CIRCUIT
The open-loop circuit is divided into two parts: the openloop ED system and the critical load. The open-loop FIGURE 10. Root locus of the SCL eigenvalues for the system parameters given in Table 1 . ED includes a battery, three-phase inverter, LC filter, and an isolation transformer. In the previous work [30] , the statespace model of an open-loop inverter with LCL filter is extracted from the switching pattern. Therefore, the modeling approach for open-loop ED is not repeated in this paper. Linearizing (15) and utilizing the presented model in [30] results in the small-signal state-space model of the open-loop circuit as follows:
where A OL , B1 OL , B2 OL , and B3 OL are given in (27) - (30), shown at the top of the next page.
4) COMPLETE MODEL OF A SMART CRITICAL LOAD
Combining the small-signal models of inner-and outercontrol loops, as well as the open-loop circuit, defined in (14) , (15), (20), (21), (25) , and (26), results in the complete model of ith SCL implemented in each nanogrid as follows:
where A SCLi , B1 SCLi , B2 SCLi , B3 SCLi , and x SCLi are given by (32)-(34), shown at the bottom of the next page. As derived in (31), the model of each individual SCL includes twelve state variables and seven inputs. The frequency deviation of ac bus ( ω) is one of the inputs which is the same for all SCLs in nanogrid. This is because the reference frame of ac bus is taken as the common reference frame. In other words, the same θ is used for all SCLs in a nanogrid. It is to be noted that there is no need to coordinate the SCLs using a centralized controller, and each SCL is capable of mitigating the voltage and power fluctuations of its critical load autonomously.
B. SMALL-SIGNAL STABILITY ANALYSIS
In this subsection, the dynamic behavior of an individual SCL is analyzed using the developed state-space model. The root locus analysis is used to investigate the location of eigenvalues as a result of changes in different parameters of SCL. Fig. 10 illustrates the eigenvalues of the complete model of SCL for the parameters given in Table 1 . It can be observed that there is a high range of frequency variation between the eigenvalues of the system. Four eigenvalues, i.e. λ 7 , λ 8 , λ 9 and λ 10 , are near the origin with low frequency, while λ 1 , λ 2 , λ 3 , and λ 4 are high-frequency eigenvalues. The rest of the eigenvalues, i.e. λ 5 , λ 6 , λ 11 and λ 12 , are farther away from the origin, and their associated frequency is relatively low. Fig. 11 depicts the root locus of the SCL eigenvalues when L f is gradually increased from 0.1 mH to 7 mH, and the other parameters are kept constant, same as stay in the left-hand side of the complex plane even for higher values of L f . Fig. 12 shows the root locus of the eigenvalues subsequent to a change in critical load resistance R from 1.8 to 7.18 . As R increases, λ 11 and λ 12 move rapidly away from the imaginary axis, resulting in damping improvement of the system. On the other hand, it can be observed that the rest of the eigenvalues are not sensitive to the critical load resistance.
1) SYSTEM EIGENVALUES

2) SENSITIVITY TO THE FILTER INDUCTANCE
3) SENSITIVITY TO THE CRITICAL LOAD RESISTANCE
4) SENSITIVITY TO THE CRITICAL LOAD INDUCTANCE
The root locus of the SCL eigenvalues is illustrated in Fig. 13 as the critical load inductance L is varied from 0.6 mH to 2.5 mH. It can be seen that the inductance increase of critical load leads to the departure of a pair of eigenvalues, i.e. λ 11 and λ 12 , towards the imaginary axis, while the rest of the eigenvalues are not affected significantly. Notice that even for higher values of L, all eigenvalues remain on the lefthand side of the complex plane. Thus, increasing L results in damping decrease and stability deterioration of the system.
V. SIZE AND LIFETIME IMPROVEMENT OF CENTRAL BATTERY BANK
As previously mentioned, the generation side of each nanogrid is a combination of different energy resources such as central battery bank, diesel generator, PVs, etc. As reported in [32] , repetitive charge/discharge cycles cause a significant reduction in the capacity of batteries. Therefore, it is necessary to protect the central battery bank from high charging/discharging rates caused by sudden load transients. For this purpose, the central battery bank is typically utilized for supplying the load during long-term power demands [33] . This results in lower stress on the battery bank, leading to an extension in its lifetime Fig. 14(a) illustrates that in the absence of SCL, a step change in critical load leads to short-term power transients. This is due to the low-inertia power generation units of nanogrids. In such condition, the central battery bank, with the power of P B , discharges at its maximum discharge rate, i.e. d max , for a period of t 1 to meet its new power set-point as fast as possible. After that, it supplies the load at zero discharge rate. This results in a severe stress on the battery bank leading to capacity and lifetime deterioration. As shown in Fig. 14(b) , in the presence of SCL, the central battery bank is capable of providing power under different operating conditions. The battery can be discharged with a linear discharge rate of d lin = P B t s during the settling time of t s . The battery bank can deliver power at zero discharge rate initially, and then work at its maximum discharge rate of d max . Moreover, battery can be discharged with any nonlinear discharge rate between d lin and d max . Fig. 15 shows the power profiles of the central battery bank with and without implementation of SCL with more details. The path AED indicates the power profile with a maximum discharge rate of d max in the absence of SCL. The power trajectories of AD and ABD, and any non-linear power trajectory lying in between, show the power profiles in the presence of SCL. The energy delivered by the central battery bank for the power profile following the path ABD can be defined as:
The provided energy for the power trajectory of AD can be obtained as:
The energy delivered by the battery bank for the path AED can be defined as:
Considering that t 2 = t s − 2t 1 , E B_AED in (37) can be rewritten as:
As can be found from (35)-(38), the energy delivered by the central battery bank during the transient is in the following order:
Therefore, in the absence of SCL (path AED), the central battery bank delivers more energy at a high discharge rate. But, utilization of SCL (path AD, ABD, or any non-linear VOLUME 7, 2019 power trajectory lying in between) results in delivering less amount of energy. It is to be noted that although both the power trajectories of AED and ABD supply the load at a maximum discharge rate of d max , the energy drained from the central battery bank is much less for the path ABD, leading to significant size reduction. Also, following the path AD results in the lowest stress level, while the amount of energy delivered by battery bank is in between. Therefore, utilization of SCL results in delivering less energy with a lower discharge rate by choosing any trade-off condition between the power trajectories of AD and ABD.
VI. RESULTS AND DISCUSSION
Several case studies are demonstrated in this section to verify the performance of the developed SCLs in improving the dynamic behavior of nanogrids and consequently GNG. As the first step, the detailed models of Nanogrid 1 (NG1) and Nanogrid 2 (NG2) shown in Fig. 2 are developed in PSCAD/EMTDC environment. All implemented SCLs have the same parameters as those listed in Table 1 . The generation side of NG1 consists of a PV unit, a diesel generator, and a central battery bank, with the parameters provided in Table 2 . The generation side of NG2 is similar to NG1 except that the diesel generator is replaced by a 65 kW microturbine system.
A. CASE STUDY 1: CRITICAL LOAD STEP CHANGE
The first case study investigates the dynamic performance of NG1 while there is a step change in critical load with and without implementation of SCL. The NG1 operates in islanded mode, and therefore, diesel generator participates in primary voltage and frequency control of ac bus using an automatic voltage regulator (AVR) and governor. The active and reactive power of critical load, i.e. P CL and Q CL , are initially 60 kW and 20 kVAr. The active and reactive power of non-critical load, i.e. P NCL and Q NCL , remain constant at 30 kW and 10 kVAr during this case study. At instant t = 30 s, the active and reactive power of the critical load is stepped up to 90 kW and 30 kVAr. The PV unit and battery bank operate in P-Q control mode and the diesel generator is regulating voltage and frequency. As shown in Figs. 16(a) and 16(b) , without implementation of SCL, the system requires almost 3 s to meet the new critical load demand due to the inertia of diesel generator. However, the proposed SCL helps the system to provide the exact amount of demand requested by the critical load in less than 0.2 s, see Figs. 17(a) and 17(b). After increasing the critical load demand, the active and reactive power of ED, i.e. P ED and Q ED , are negative for about 1 s, which means that the ED is injecting the deficit power into the system (discharge mode). A comparison between Figs. 16(c) and 17(c) indicates that with the proposed SCL configuration, the critical load voltage, i.e. v CL , is well regulated at its rated value, i.e. 480 V, and the fluctuations are significantly mitigated. Table 3 Table 3 , utilizing the proposed SCL results in remarkable improvement in the dynamic behavior of NG1 for a step change in critical load demand.
According to the stability analysis in Figs. 12 and 13, λ 11 and λ 12 are two eigenvalues with the highest sensitivity to the critical load level. Moreover, it can be observed that the frequency associated with the aforementioned eigenvalues is around 60 Hz. Fig. 18 shows that a step change in critical load leads to transients in dq components of critical load current, i.e. i CL_d and i CL_q , with a frequency around 60 Hz which is in good agreement with the stability analysis presented in Section IV.
B. CASE STUDY 2: SOLAR IRRADIANCE VARIATION
This case study investigates the effect of solar irradiance fluctuation on the operational performance of NG1. In this scenario, the system is islanded from the rest of GNG and two SCLs are connected to the NG1 ac bus. The active and reactive power of critical load 1 and 2 are P CL1 = 30 kW, Q CL1 =10 kVAr, P CL2 = 45 kW, and Q CL2 = 15 kVAr. The required active and reactive power of noncritical load, i.e. P NCL and Q NCL , are 60 kW and 20 kVAr. At t = 30 s, the solar irradiance level starts to increase from 500 W m 2 to 1000 W m 2 , with an exaggerated ramp rate of 1000 W m 2 s, which results in power imbalance between generation side and demand side. 
C. CASE STUDY 3: GNG-CONNECTED TO ISLANDED MODE
Due to the low inertia of nanogrids, disconnecting them from GNG can cause larger transients in voltage and current compared with traditional microgrids. Thus, this case study evaluates the effectiveness of the proposed SCL configuration in mitigating voltage and power fluctuations of critical loads during the transition from GNG-connected to islanded mode of operation. The GNG considered in this case study consists of two nanogrids, i.e. NG1 and NG2 shown in Fig. 2 , and each nanogrid includes only one SCL and one non-critical load (P CL = 60kW, Q CL = 20kVAr, P NCL = 30kW, and Q NCL = 10kVAr). NG1 is initially in GNG-connected mode of operation and at t = 30 s, the grid operator disconnects it from GNG. transition from GNG-connected to islanded mode. As shown in Figs. 20(a) and 21(a) , during GNG-connected mode, there is extra power generation in the system, i.e. P gen > P L , which is absorbed by GNG, i.e. P GNG < 0. At t = 30 s, NG1 is triggered to operate in islanded mode, and as shown in Fig. 20(a) , without the proposed SCL, the active power supplied to the critical load, i.e. P CL , starts fluctuating during the transition. However, as illustrated in Fig. 21(a) , the proposed SCL compensates these fluctuations caused by islanding of NG1. As shown in Figs. 20(b) and 21(b) , when NG1 is GNG connected, the required reactive power is provided by GNG, i.e. Q GNG > 0. Similarly, the proposed SCL suppresses the reactive power fluctuations during the transition from GNG-connected mode to islanded mode. Finally, the fluctuations of v CL are analyzed in Figs. 20(c) and 21(c), with and without the proposed SCL configuration. It can be observed that in the absence of SCL, disconnecting NG1 from GNG leads to relatively large oscillations in v S , and consequently v CL . The proposed SCL configuration regulates v CL at 480 V (nominal value), and significantly mitigates its fluctuations during the transition, see Fig. 21(c) . Table 4 investigates the effect of utilizing the proposed SCL in operational performance improvement of NG1 based on the results demonstrated in Figs. 20 and 21 . The provided comparison analysis in Table 4 indicates that the proposed SCL configuration is an effective solution for dealing with the stability challenges and improving the power quality in nanogrids during transition from GNG-connected to islanded mode of operation.
VII. CONCLUSION
A study on effects of smart loads in nanogrids has been presented in this paper to mitigate the voltage and power fluctuations across critical loads during abnormal grid conditions, sudden load changes, and fluctuations in power generation. The operational performance of nanogrids with and without the proposed smart loads have been compared; the results demonstrate significant improvement in power quality of nanogrids when incorporating the proposed smart loads. A detailed small-signal state-space model has been derived for the proposed smart loads considering the switching process of three-phase inverter. This model has been used to investigate the location of eigenvalues due to the changes in different parameters of smart load to demonstrate the stability region and robustness of the proposed smart load configuration. This developed model could be incorporated into the models of nanogrids in order to study the effect of utilizing smart loads on the stability of the overall system. Moreover, it has been demonstrated that the suggested smart load configuration can be an effective solution to improve the lifetime and reduce the size of the central battery bank. Several case studies have been carried out to validate the effectiveness of the proposed smart loads in small-scale microgrid known as nanogrid featuring low inertia. 
